In this review, we discuss some of the most recent developments in genomics research and their relevance to the field of pediatrics. In particular, we examine 3 major approaches that are being used to identify genetic correlates of disease: genome-wide association studies, copy number variation studies, and next-generation sequencing.
In this review, we provide a narrative of recent developments in genomics, with the aim of generating a broad overview of the field as a whole. We focus on the 3 main approaches (genome-wide association studies (GWAS), copy number variation analysis, and next-generation sequencing [NGS] ) that have been instrumentalinpropellingthefieldforward.
GENOME-WIDE ASSOCIATION STUDIES
GWAS use single nucleotide polymorphisms (SNPs) to identify and compare allele frequencies in target populations, typically by using either case-control or family-based designs. The former is the most common because it is conducive to large-scale recruitment and is not constrained by limits on the numbers of controls. The latter has advantages in terms of controlling for population stratification and the types of analysis that are possible. GWAS use microarrays to tag up to several million SNPs at once, which gives broad coverage of genic and nongenic regions. The approach is hypothesis-independent, and all SNPs carry equal weight during statistical analyses. When a significant difference in SNP frequency is observed between cases and controls, we infer a difference in the underlying genomic locus, which may affect gene expression or regulation. Because of the large number of comparisons being made, most GWAS require large numbers of patients and controls to achieve requisite statistical power, and sample sizes in excess of several thousand are the norm. A major advantage of the approach is its applicability to complex disease, where numerous loci may be implicated as causal factors.
GWAS are constrained by the fact that they can only examine SNPs found in relative abundance in the population of interest; generally SNPs with a population frequency of ∼5% or greater. A major assumption, therefore, is that the variants under investigation are common. By extension, a second assumption is that the phenotype of interest is caused by the cumulative result of many small-effect variants. These assumptions constitute the so-called common disease, common variant model, 1 which has successfully identified variants in many complex disorders, some of which are reviewed here. For diseases caused by rare variants, including many Mendelian syndromes, GWAS are underpowered, and sequencing approaches are required, either of linked/associated candidate regions or through whole exome/whole genome approaches.
Notable Studies
The first association study commonly considered to be truly genome-wide was published in March 2005; it was a screen of ∼100 000 SNPs in 96 patients with age-related macular degeneration (AMD) and 50 control subjects. 2 By November 2011, 1061 GWAS with sample sizes of up to 250 000 had been cataloged by the National Human Genome Research Institute (http://www.genome. gov/GWAstudies), demonstrating rapid perpetuation in academia and industry.
Arguably the phenotype with which GWAS have had most success is AMD. To date, 6 GWAS have examined common variants as a cause of this disorder, where heritability has been estimated at 71%. 3 Prominent candidate loci include ARMS2/HTRA1 and the complement pathway genes CFH, CFB, C3, and C2. P values as low as 4 3 10 2322 for allele frequency differences between cases and controls have been reported. 4 By using a standard liability threshold model, 5 Yu et al (2011) 3 calculated the explained variance of 12 replicated loci at ∼39%, or 55% of heritability. Although a large proportion of the variance remains unexplained, this total is high compared with other phenotypes (this is further discussed in the Supplemental Information). A possible reason for the comparative success of GWAS of AMD likely relates to evolutionary pressure. For a variant to remain common in a population, it must be resistant to negative selection. Because AMD is late-onset, it is more resilient to this phenomenon. GWAS of Alzheimer disease, which explain .23% of heritability, 6 are consistent with this conclusion.
The success of the approach with lateonset phenotypes should not be taken to imply that GWAS are inappropriate for pediatric research, however. Where candidate loci do not account for a large proportion of explained variance, they nevertheless remain highly informative. For example, our laboratory previously identified 6 genetic markers on chromosome 5p14that confirm susceptibility to autism spectrum disorders (ASDs). 7 The region is flanked by two genes, CDH9 and CDH10, both of which encode type II classic cadherins (transmembrane proteins that promote cell adhesion). 15 Other genes of interest include CHMP7 on chromosome 8p21, which may play a role in endosomal sorting and vesicular transport, 16 and CHMP2B, associated with frontotemporal dementia, disinhibition and executive dysfunction. 17 Recently, we performed the largest whole-genome study of ADHD in a cohort of 3000+ cases and 12 000+ healthy children of European ancestry, genotyped with 550 000 SNP markers. Although no GWAS signal meeting standard criteria was uncovered, copy number variants (CNVs) affecting metabotropic glutamate receptor genes were significantly enriched in ADHD cases. These include deletions in GRM5, GRM7, GRM8, and duplications in GRM1, which are involved in glutamatergic neurotransmission, an important mediator for of neurodevelopment. 18 
Asthma
Asthma is a similarly complex disease that affects .6% of children in the developed world. 19 The Cookson Laboratory conducted the first GWA study of asthma, 20 identifying multiple markers on chromosome 17q21 that have since been independently replicated. [21] [22] [23] Two genes within this locus have been linked to susceptibility to asthma:ORMDL3 and GSDML. 20 ORMDL3 belongs to a family of genes that encode transmembrane proteins in the endoplasmic reticulum. 24 GSDML encodes a member of the gasdermin protein family, which are expressed in epithelial cells and regulate apoptosis. Another gene on chromosome 5q12, PDE4D, has subsequently been associated with asthma, 25 albeit outside the threshold of genome-wide significance. However, functional data linking (lung) expression of this phosphodiesterase to airway contractility marks it as a gene of interest. Similarly, PDE11A, which encodes a related phosphodiesterase, has also been linked with asthma. 26 We recently conducted a case-control study of pediatric asthma, 27 identifying a novel asthma locus on 1q31 containing DENND1B, which is expressed by natural killer (NK) cells and dendritic cells. Homolog proteins of DENND1B are thought to interact with the TNFa receptor. 28 The study also found that the same locus is associated with asthma susceptibility in African American children and with inflammatory bowel disease and primary biliary cirrhosis. 29 
Inflammatory Bowel Disease
Inflammatory bowel disease (IBD) has been extremely amenable to GWAS, and multiple studies [30] [31] [32] [33] [34] [35] have identified and replicated numerous associations. The tally of currently identified IBD loci is 99, of which 71 are associated with Crohn disease (CD), 36 and 47 with ulcerative colitis. 37 A recent meta-analysis of CD 36 found that the 71 risk loci explained .23% of heritability, comparatively high in the realm of complex disease. Furthermore, we recently showed that GWAS may underestimate heritability at the NOD2 locus 38 (see below). If a similar scenario exists for other IBDrelated genes, explained variance may increase substantially.
Pediatric IBD
Pediatric IBD is associated with a higher incidence of family history, increased colonic involvement, and a more chronic clinical course. 33 Our group analyzed cohorts of children with early-onset IBD, identifying multiple novel loci, including 20q13 (TNFRSF6B) 32 and 16p11 (IL27). 39 We also corroborated the majority of known adult-onset IBD loci, confirming a close genetic relationship between early-and adult-onset phenotypes. In individuals of European descent, the most prominent candidates include NOD2, IL23R, and ATG16L1. NOD2 is located on chromosome 16q12 and is primarily expressed in peripheral blood leukocytes. It is a cytosolic innate receptor able to sense intracellular bacteria and to trigger RIP2-and NF-kBmediated pro-inflammatory responses. 40 IL23R is a type I cytokine receptor and, as with NOD2, has a long history of association with IBD and autoimmunity. Primary functions include maintaining T helper 17 cells, restraining Foxp3(+) regulatory T-cell activity, and initiating expression of T helper 17-like cytokines in non-T cells. 41 ATG16L1 is located on chromosome 2q27 and is an important component of the autophagy pathway. 42 As with most of the genes discussed here, it is important to stress that these genes are not universally associated with the phenotype. Indeed, Lee and Parkes (2010) 43 point out that NOD2, IL23R, and ATG16L1 are not associated with IBD in East Asians.
Obesity
Obesity is a major and growing health problem in Western societies, particularly in children. 44 It is a causal risk factor for type 2 diabetes, cardiovascular disease, hypertension, and numerous other chronic diseases. 45, 46 Approximately 70% of obese adolescents become obese adults, 47 and adolescent obesity is associated with increased adult mortality. 48 The first candidate gene identified by GWAS was insulin-induced gene 2 (INSIG2). 49 The INSIG2 protein is an endoplasmic reticulum protein that inhibits processing of sterol regulatory element binding proteins. However, this candidate has been inconsistently replicated. An association with the fat mass and obesity-associated gene (FTO) has been more robustly reproduced, 50-52 and we recently confirmed the association in European American and African American pediatric cohorts. 53 We have additionally uncovered several novel CNVs associated with obesity in both European American and African American children. 54 
GWAS PATHWAY ANALYSIS
Pathway analysis, which leverages existing biological knowledge about gene function to examine how causal factors interact, helps assimilate the glut of GWAS data, and can also be used to identify risk variants. The approach typically examines whether test statistics for a predefined set of candidate loci simultaneously deviate from chance. It is based on pathway association as applied to gene expression microarray analysis, in which examination of groups of related genes has yielded major insights into functional capacity. 55, 56 We recently used pathway analysis to determine risk factors for CD. 38 The study examined enrichment of association signals in genes previously identified in pathway networks as defined by Gene Ontology, Biocarta, and KEGG (with careful adjustment for gene size, number of SNPs per gene, and pathway size). The pathway most significantly enriched by association signals was the interleukin (IL)-12 gene pathway, which harbors IL-12 and IL-23 (Fig 1) . These cytokines share a cellular receptor subunit, numerous intracellular signaling components, and have previously been shown to associate with CD. 57 Initially only 3 genes (IL12B, IL23R, and IL12RB2) at 2 loci (5q23, 1p31) showed genome-wide signals. Now, 3 additional genes in the IL-12-IL-23 pathway (JAK2, CCR6, and STAT3) were confirmed as candidates in replication studies, and 6 more were supported by pathway association, all of which have been previously reported as CD susceptibility genes in earlier association and functional studies. [58] [59] [60] [61] From a starting point where only 3 genes surpass the threshold for genome-wide significance, we develop a much richer picture of the pathophysiology of the disease through the pathway-based approach. This includes related variants that have remained above significance criteria but collectively contribute significantly to the risk variance. Moreover, given that the strongest candidate gene is often not a viable drug target, the pathway approach highlights alternatives for targeted intervention. 69 however, suggest that the impact of rare CNVs may be substantial. The authors reexamined data from the Venter genome and identified .12 000 structural variants spanning .40 mb of sequence that was initially unreported. These variants were found in 4867 genes, which are often large and under negative selection. In total, .24% of CNVs would not be imputed by SNP-association. Because rarer alleles are more likely to confer greater effect sizes and have a higher penetrance, these results strongly support the role of CNVs as causal factors in genetic diseases. Furthermore, this requires us to stress the limitations of using conventional SNP arrays to identify rare CNVs, which can be more accurately identified using high-density custom arrays or NGS methods.
COPY NUMBER VARIANTS
Since the first CNV studies in 2004, 70 73 ). CNVs are the primary mode through which an individual acquires a mutation, and occur at a rate of ∼1.7 3 10 26 per locus (as opposed to 1.8 3 10 28 for sequence variation 74 ), the cumulative result of which may constitute .10% of the human genome.
CNV Studies
CNV studies of ASD are perhaps the best known of pediatric disorders. An early family-based study 75 examined CNVs in 118 simplex families (ie, families with only 1 child with an ASD), 47 multiplex families, and 99 control families. De novo CNVs were identified in 10% of patients with sporadic autism, compared with 3% in multiplex families, and 1% in controls. Disease-associated CNVs were identified at 17 loci on 11 chromosomes, supporting the widely held assumption that many different loci can contribute to ASDs, and that pathogeneses do not necessarily overlap. The sheer volume of loci identified by this approach affirms the extraordinary complexity of ASDs.
A number of subsequent studies have greatly expanded the number of ASD candidate loci. We reported .150 CNVs in 912 ASD families that were not found in 1488 controls. 76 Of these, 27 were replicated in an independent cohort of 859 ASD cases. Some of the rare variants had previously been associated with ASDs, including the cell adhesion molecule, NRXN1, 77 and the ubiquitin gene, UBE3A. 78 Another CNV study from our laboratory uncovered CNVs affecting 3 other prominent members of the ubiquitin gene family, PARK2, RFWD2, and FBXO40, as well as CNVs in several other neuronal cell adhesion molecules, such as CNTN4, NLGN1, and ASTN2, all of which were observed to be significantly enriched in ASD cases. These findings indicate that dysregulated cell adhesion and ubiquitination networks may be integral to the etiology of ASDs. Together with neuronal cell adhesion molecules, the ubiquitin-proteasome system operates at pre-and postsynapses, and is involved in a number of critical synapse functions, including regulation of neurotransmitter release, recycling synaptic vesicles in presynaptic terminals, and modulating changes in dendritic spines and postsynaptic density. 79 Cell adhesion molecules additionally contribute to neurodevelopment by facilitating axon guidance, synapse formation, and plasticity, and neuron-glial interactions. Similar to individual GWAS candidates, these findings highlight the role of rare
FIGURE 1
Pathways linked to CD. 100 The average size of CNVs for case-control groups was very similar at 88.4 kb and 87.9 kb respectively. This suggests that the location of CNVs, rather than frequency, may be preeminent in determining association with schizophrenia.
The majority of CNV studies now converge ontheconclusionthatrarevariants across multiple loci confirm susceptibility to disease and that de novo CNVs are globally overrepresented in cases. This conclusion has potentially important consequences for pediatric diseases as a whole because it highlights the prominent role of rare variants in complex phenotypes, which may be punctuated by a trivial subset of monogenic subtypes/ syndromes or have less complex inheritance patterns. There is also evidence for a 2-hit CNV model in severe Signal intensity patterns in 4 members of a simplex autism family. 101 As shown in the Genome Browser (bottom), this CNV region encompasses DCGR6 and PRODH. A horizontal bar represents the region for each individual (light/dark = 3/4 copies). We infer the first child inherits duplications from both parents. Reproduced with the permission of Neuroscientist.
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PEDIATRICS Volume 129, Number 6, June 2012neurodevelopmentalcases,as evidenced by a study of microdeletions of the childhood developmental delay locus, 16p12.1. Girirajan 83 et al (2010) found that in 95% of cases, a 520-kb deletion was inherited from a parent. This is a much higher proportion than in most genomic disorders, of which de novo mutations are typical. Probands' families were subsequently found to be enriched for less severe neuropsychiatric disorders, including depression, bipolar disorder, mild learning disability, and seizures. The group hypothesized that differences in phenotype severity between probands and parents may be attributable to a second hit, and indeed another large CNV (.500 kb) was identified in 23.8% of probands. The authors subsequently reported second hits for a range of syndromes of which recurrent microdeletions/microduplications are a feature. These include Williams syndrome, DiGeorge syndrome, 15q13.3 deletion, 16p11.2 deletion, 1q21.1 deletion, and 22q11.2 duplication, and account for 5% to 15% of cases.
NEXT-GENERATION SEQUENCING
NGS differs from its predecessors in that it relies on the massive parallelization of biochemical and measurement steps, which produce thousands or millions of sequences simultaneously. This is accomplished by splitting the entire genome into small segments, which are then ligated to adapters during DNA synthesis. The first complete genome sequenced using NGS technology was published in 2008 84 and proved to be considerably more efficient in terms of cost and timescale than the Sanger approach used in the Human Genome Project. 85 Because NGS looks at the raw sequence, it essentially resolves criticisms of tagging coverage that have been aimed at SNP-based approaches. However, this increased resolutioncomes atthecostof aheavyburdenondata-managementand analysis, and the infrastructures required to process the huge data output is immense. The current cost of sequencing an entire human genome is ∼$5000, the time required is several days (for a reasonable coverage of , and the outlay required in terms of data-storage and analysis is considerable. For these reasons, it is not yet practical to sequence entire genomes on the large scale required for complex diseases. However, the resolution of monogenic disease can be accomplished by sequencing a family or even a single individual 86 and this represents the most prominent use of genome resequencing in the current climate.
To date, the NGS approach that has been most widely used to tackle complex disease is targeted resequencing, which leverages existing knowledge (eg, linkage or GWAS) to guide exploration of a candidate locus. Unlike whole-genome approaches, targeted resequencing is not hypothesis-neutral (agnostic) and typically concentrates on a finite number of loci that are decided in advance. Depending ongenesizeandcoverage,the average cost to resequence a single gene in 1 individual is ∼$20. The efficacy of this approach is contingent on careful phenotyping and selection of participants, who are assumed a priori to be collectively enriched for variants at the target locus/loci. Specially developed software (eg, SampleSeq 87 ) can help enrich the yield of rare disease alleles in unrelated samples. Targeted approaches have successfully detected rare variants in a range of phenotypes, including nonsyndromic deafness, 88 cancer tumors, 89 and Rothmund-Thomson syndrome. 90 These conform to the "common disease rare variant" model, 91 which is complementary to the GWA approach.
Whole Exome Sequencing Studies
A 2010 study by Ng et al 92 was the first to successfully apply whole exome sequencing (WES) to a clinical disorder, with the resolution of Miller syndrome, a Mendelian disorder characterized by a number of dysmorphologies including absent digits, and facial abnormalities. The group performed WES on 4 individuals (including 2 siblings) and 8 controls, identifying 6 rare variants in the DHODH gene that were subsequently confirmed by Sanger sequencing in 3 independent families. Since this landmark publication, the flow of NGS articles has accelerated rapidly, with new syndromes being resolved on an almost weekly basis (review at Ku et al 2011 93 ).
The Miller syndrome study is also notable in that it drew attention to a secondary phenotype in the sibling pair who had a medical history of recurrent infection.
As is the case with many rare disorders, it can be difficult to determine whether these infections constituted an uncommon symptom of Miller syndrome or an unrelated disorder. In this case, the authors found that both siblings were compound heterozygote for DNAH5, which is known to cause primary ciliary dyskinesia and is characterized by recurrent infections of the respiratory tract 94 unrelated to Miller syndrome. Although essentially a coincidental finding, this nevertheless represents an important result in demonstrating the power of NGS as a diagnostic application.
Recent results from our laboratory yielded a similar conclusion. A WES 95 examined a severe form of ADHD in a father and 2 sons. Although the underlying cause of this primary phenotype remains to be resolved, the team identified 2 rare nonsynonymous mutations in the PKLR gene, which resolved a (coincidental) rare form of hemolytic anemia (Fig 3) , raising the question of if and how to share genomic data with participants. In this instance, after consultation with the institutional review board, results were shared with the patient' s hematologist, with an offer of genetic counseling. As sequencing becomes increasingly ubiquitous, coincidental findings are increasingly likely to emerge and highlight the importance of appropriate institutional policies.
Whole Genome Sequencing Studies
To date, the majority of rare variants in monogenic disorders have been identified in exons. As such, whole genome sequencing studies, which are 4 to 10 times more expensive and produce ∼50 times more sequence data, have not been commonplace. However, a recent study sequenced the whole genome of a patient with Charcot-Marie-Tooth disease and identified 3.4 million SNPs that were different to the reference genome. 96 By focusing on nonsynonymous SNPs in ∼40 genes, the group was able to zero in on SH3TC2 as harboring the causal variant. A similar approach identified ABCG5 as the source of 2 nonsense mutations as a cause of severe hypercholesterolemia. 97 The bias toward WES is largely based on expediency because it maximizes return on the investment of time and resources. It is applicable to sporadic cases (unlike linkage approaches) and, for Mendelian disorders, can succeed where the sample size is as low as 1. 86 One major drawback is that full capture of all exons is currently not possible because of incomplete knowledge of the genome. Similarly, as we know from GWAS, numerous intergenic regions have long been known to predispose to a wide range of genetic diseases. Although WES is currently the favored approach, it is clear that whole genome sequencing will eventually become the primary mode of discovery, and will have a large role to play in resolving complex disorders.
SUMMARY AND FUTURE DIRECTIONS
In the course of this review, we have attempted to summarize how advances in statisticalmodels,technology,andsoftware have transformed the field of genomics. Developing in parallel are a range of new approaches in the areas of epigenomics, proteomics, transcriptomics, and replication profiling, all of which offer unprecedented insight into how the genome functions and is regulated. Integrating these areas represents a major conceptual and logistical challenge but is necessary to fully understand the biology of complexdisease.Essentially,GWA,CNV,and NGS studies provide a static view of the human genome, and an important next step will be to incorporate dynamic, nonnucleotide data. This is particularly true of pediatric disease, in which the effects of developmental stages are enormous.
Nevertheless, an increasing number of rare syndromes are being resolved and clinical tests (including chromosomal microarray tests for genomic deletions and duplications) are available to diagnose idiopathic forms of intellectual disability, neuropsychiatric subtypes, and congenital malformations. 98, 99 The next several years will inevitably yield additional insight into the elementary relationship between genotype and phenotype, resulting in a deeper understanding of pediatric development and diseases as the genome era emerges from its infancy. This will open up new avenues for targeted therapies in which dominant gene networks and pathways are targeted in subsets of patients who harbor variations that are most likely to be responsive to therapeutic approaches in functional pathways impacted by genetic variations.
